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The Sendai virus P and L proteins, the viral RNA polymerase, and the nucleocapsid protein, NP, synthesized in a transient 
mammalian expression system support the replication of Sendai virus defective interfering particle (DI) genome RNA in 
vitro. We have shown that the measles virus nucleocapsid protein, N, can substitute for the Sendai NP protein in genome 
synthesis. The chimeric product nucleocapsids, which contained Sendai RNA encapsidated with measles N protein, were 
atypical since they were sensitive to micrococcal nuclease digestion, unlike wild-type Sendai or measles nucleocapsids. 
The utilization of measles N protein required the endogenous Sendal virus RNA P01ymerase, since DI nucleocapsids free 
of poiymerase were not replicated. Although both Sendai virus NP and P proteins and measles N and P proteins formed 
complexes when they were coexpressed, sedimentation analysis showed that measles N protein self-assembled and did 
not form a complex when expressed with the Sendai P protein. Furthermore, when the Sendai P-L polymerase complex 
was provided separately, measles N protein alone synthesized DI genome RNA in the absence of Sendai P protein. These 
data suggest hat the self-assembled form of measles N protein functions in Sendai DI genome synthesis. © 1995 Academic 
Press, Inc. 
Paramyxoviruses are enveloped viruses with a single- 
stranded, negative-sense, nonsegmented RNA genome. 
Sendal virus and measles virus (MV) are two representa- 
tive members of this group with genome RNAs of 15- 
16 kb, respectively (for reviews, 1, 2). The genomes are 
completely encapsidated by the nucleocapsid proteins 
NP and N, for.Sendal virus and MV, respectively, a pro- 
cess which renders the RNA nuclease resistant. An RNA 
dependent RNA polymerase consisting of a complex of 
two virus-encoded subunits, the large protein (L) and the 
phosphoprotein (P), is found associated with the nucleo- 
capsid. The nucleocapsid, not naked RNA, is the tem- 
plate for all RNA synthesis. Genome RNA replication oc- 
curs via a positive sense, antigenomic RNA intermediate 
and synthesis of both the genome and the antigenome 
is coupled to encapsidation of the RNA product by the 
nucleocapsid protein (3, 4). It has been shown that the 
NP and P proteins form a complex (5) which is used for 
the encapsidation of RNA by NP during replication (6). P 
protein also binds to nucleocapsids (7). Studies of the 
replication of Sendal virus RNA have been facilitated by 
the use of a defective interfering particle (DI-H) as the 
template (8). The DI-H RNA (1410 nucleotides) contains 
the 5 r terminal sequences of the.wild-type (W-I-) genome 
RNA and has copyback termini with the 3 r terminus com- 
plementary to the 5' terminus (9). 
To whom reprint requests hould be addressed. 
We have utilized a transient expression system where 
infection of mammalian cells with a recombinant vaccinia 
virus (VVT7) expressing the T7 RNA polymerase gene 
(10) drives expression of transfected plasmids containing 
Sendal virus genes cloned downstream of the T7 pro- 
moter (11). We showed that extracts of cells expressing 
the Sendal NP, P, and L proteins from clones were active 
in Sendal DI-H RNA replication in vitro and the P and L 
proteins and NP and P proteins formed the P-L and NP- 
P complexes required for replication only when the pro- 
teins were coexpressed (6). The association of the MV 
N and P proteins in a complex analogous to that of the 
Sendal NP-P complex has also been reported (12, 13). 
The Sendal and MV NP/N and P proteins appear to have 
identical functions in the replication of their respective 
genome RNAs, and the nucleocapsid proteins of all para- 
myxoviruses show significant sequence conservation 
from amino acids 260-359 (14). We tested if the MV N 
or P proteins could substitute for the analogous Sendal 
virus proteins in the synthesis of Sendal DI-H RNA in 
vitro to obtain a better understanding of domains of these 
proteins which are required for RNA replication. 
To determine if heterologous proteins could substitute 
for Sendal proteins in the replication of DI-H genome 
RNA, different MV plasmid(s) (Fig. 1) were transfected in 
place of the Sendal plasmids into VVT7-infected A549 
cells (6). Cytoplasmic extracts of these cells were then 
assayed for their ability to replicate the genome of deter- 
gent-disrupted DI-H virus in vitro as described in the 
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FiG. 1. In vitro synthesis of Sendal virus DI-H genome RNA by MV 
proteins. Plasmids containing the Sendal virus NP (pGEMSV-NP) and 
P (pGEMSV-P) genes (6) were subcloned into the Bluescript plasmid 
(pBS) downstream of the T7 promoter, while the L gene, including the 
T7 promoter in pGEMSV-L, was subcloned into pUC (pUC-L). Plasmids 
containing the MV N (pBSMV-N) and P (pBSMV-P) genes (Dr. W. Bellini, 
CDC, Atlanta, GA) were cloned downstream of the T7 promoter. Sub- 
confluent A549 cells in 60-mm dishes were infected with VVT7 and 
transfected in duplicate with the indicated optimized combinations of 
Sendal and MV NP/N (2 #g) and P (5 #g) plasmids and Sendal L (0.5 
/~g) plasmid (A). At 18 hr post-transfection cytoplasmic cell extracts 
were prepared after permeabilization with lysolecithin in 100 #1 reaction 
mix (RM) as described previously (6). (A) The duplicate extracts were 
mixed and incubated in the presence of [~32P]CTP (100 #Ci) for 2 hr 
at 30 ° in the presence of dactinomycin (20 ffg/ml) with (lanes 1-8) or 
without (lane 9)det.ergent-disrupted purified DIsH (2.5 #g). Equal sam- 
ples were then treated with (+) (lanes 5-9) and without (-) (lanes 1 
4) micrococcal nuctease (MN, 1 /~g/ml) for 30 min at 37 ° and the 
reaction stopped with 13 mM EGTA. The RNA from CsCI purified nu ~ 
cleocapsid products was isolated, analyzed by acid-urea-agarose gel 
electrophoresis and quantitated on the phosphorimager. Replication 
(%) is shown below relative to the control reaction with Sendal proteins 
as 100% (lane 1). The position of DI-H RNA is indicated on the left. (B) 
Samples (10 #1) of the cytoplasmic extracts (lanes 1-4) were analyzed 
by immunoblotting (19) with both oz-SV sera (8) and o~-MV SSPE sera 
(267G) from a patient with subacute sclerosing panencephalitis (from 
Dr. P. Dowling, New Jersey Medical School, Newark, N J). The positions 
of the Sendal NP and MV N proteins are indicated. 
legend of Fig. 1. Only encapsidated RNA was analyzed 
since the product nucleocapsids were purified by CsCI 
• banding, then the nucleocapsid RNA was isolated and 
analyzed by gel electrophoresis. As the positive control, 
the extract containing the Sendai.NP, P, and L proteins 
replicated and encapsidated DI-H RNA, where replica- 
tion was dependent on the presence of the template (Fig. 
1A, lanes 1 and 9, respectively). The doublet represents 
the synthesis of the (4-) and ( - )  strands of DI-H RNA 
(data not shown). An extract with MV N protein coex- 
pressed with Sendal P and L proteins also supported DI- 
H RNA synthesis at 20% of the control (Fig. 1A, lanes 4 
and 1, respectively). In multiple experiments the amount 
of DI-H RNA synthesis obtained by substituting MV N 
protein for Sendal NP protein ranged from 12 to 21% of 
the control and was not increased, but rather decreased 
by raising the amount of MV N plasmid transfected. A 
similar inhibition was observed when the Sendal NP 
plasmid was raised above its optimum (6). 
Expression of both MV N and P proteins together with 
Sendal L protein gave some DI-H RNA synthesis (9%, 
lane 2), whereas MV P protein expressed with Sendal 
NP and L proteins gave 4% genome synthesis (lane 3). 
In numerous previous experiments the background for 
the replication reactions was from 1 to 4% of the control 
(6, see also Fig. 5, lane 2), so the level obtained with MV 
P alone did not represent significant synthesis. The level 
of genome synthesis by substituting both MV N and P 
proteins ranged from 6 to 10% of the control, a small but 
significant amount over background. Immunoblotting of 
samples of the cell extracts with ~-SV and ~-SSPE sera 
showed that both Sendal and MV NP/N were present as 
expected (Fig. 1B), although the amounts are not compa- 
rable since different antibodies visualize each protein. 
Only a small amount of Sendal P protein was found in 
this experiment, but Sendal P was clearly detected in the 
subsequent experiment (Fig. 2). The MV P protein was 
not detected by the ~-SSPE sera, but the subsequent 
use of an a-P monoclonal antibody (MAb) showed that 
it was expressed in this system (Fig. 2) and was identical 
to MV P synthesized in MV-infected ceils (data not 
shown). 
The Sendal genomic RNA in newly synthesized viral 
nucleocapsids is normally resistant to micrococcal 
nuclease (MN) digestion after replication in vivo, as was 
the control DI-H replication product synthesized in vitro 
(Fig. 1A, lanes 1 and 5). The chimeric nucleocapsids 
formed in the reaction with MV N and Sendal P and L 
proteins, however, were sensitive to MN digestion (Fig. 
1A, lane 8). The low level of DI-H RNA synthesis in the 
MV P and N substitution experiment was, interestingly, 
unchanged by nuclease treatment (lane 6), suggesting 
that this encapsidation occurred in a nuclease resistant 
form as in the homologous reaction. No unencapsidated 
DI-H RNA was synthesized under any of these conditions 
(data not shown). These data suggest that the packaging 
of newly synthesized DI-H RNA with MV N protein was 
different from encapsidation with the homologous Sendal 
NP protein. 
The low levels of genome synthesis with MV P alone 
or together with MV N in place of Sendal proteins (Fig. 
1) may have been due to the lack of Sendal P protein, 
which is also an essential component of the viral RNA 
polymerase. To study the function of MV P specifically 
in the complex required for encapsidation, we took ad- 
vantage of our ability to supply the Sendal polymerase 
(P-L) and encapsidation (NP-P) complexes from separate 
extracts (6). Cells• in different sets of dishes were 
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transfected with either Sendal P and L plasmids (RNA 
polymerase) or Sendal NP or MV N with the indicated P 
plasmids (Fig. 2A) at ratios determined to be optimal for 
each complex. The separate extracts were then mixed 
and assayed for DI-H RNA synthesis. Compared to the 
positive control, DI-H RNA synthesis again occurred with 
the coexpressed MV N and Sendal P proteins (Fig. 2A, 
lanes 1 and 4, respectively). An extract with the MV P 
and N proteins as the encapsidation substrate still gave 
the small amount of DI-H RNA (lane 2), however, Sendal 
NP and MV P proteins together gave only background 
levels of DI-H RNA synthesis (lane 3). Immunoblot analy- 
sis showed that the appropriate proteins were present 
in the extracts (Fig. 2B). These data show that even when 
the Sendal polymerase was not limiting, only MV N pro- 
tein gave significant levels of DI-H RNA synthesis. 
We next asked if the form of the template has any 
effect on the ability of MV N protein to be utilized for 
Sendal DI-H genome synthesis. The detergent-disrupted 
DI-H virus used in the previous experiments contained 
the endogenous RNA polymerase. DI-H nucleocapsids 
free of RNA polymerase were purified by detergent and 
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FIG. 3. In vitro genome synthesis with stripped DI-H BNA-NP template 
by Sendal and MV proteins. (A) A549 cells were infected with VVT7 
and transfected with the indicated plasmids as escribed in the legend 
of Fig. 1. Cytoplasmic cell extracts were assayed for Dt-H genome 
synthesis with (lanes 1-4) or without (lane 5) polymerase-free DI-H 
nucleocapsids (1 #g), prepared by detergent/high salt treatment, fol- 
lowed by banding twice on CsCI gradients.(6), as described in the 
legend of Fig. 2. (B) Cells were infected with VVT7 and in one set of 
dishes (A) were transfected with the indicated combinations of Sendal 
and MV NP/N and P plasmids, while those in dishes (B) were 
transfected with Sendal L and P plasmids as described in the legend 
of Fig. 2. Cell extracts were prepared, the A andB extracts mixed, and 
reactions were performed as in A. In lane 1 as a positive control for 
the mixing of two extracts, the extract from A was mixed with a mock- 
transfected extract. The position of DI-H RNA is indicated on the left. 
DI-H 
1 2 3 4 5 
FiG. 2. /n vitro Sendal DFH RNA synthesis by mixing separate com- 
plexes of Sendal and MV proteins. A549 ceils were infected with VVT7 
and in dishes labeled A were transfected with Sendal or MV NP/N (2 
#g) and P (4 #g) plasmids and in B dishes they were transfected with 
Sendai P (0.5 #g) and L (0.5 #g) plasmids. Cell extracts were prepared 
(100 #l) and those from B were combined to make a uniform mixture, 
and samples of B (50 #1) were mixed with the indicated A extract (50 
#I). (A) Reactions were carried out in the presence (lanes 1-4) or 
absence (lane 5) of detergent-disrupted DI-H, processed, an  analyzed 
as described in the legend of Fig. 1A, without MN treatment. The 
position of DI-H RNA is indicated on the left. (B) Samples of A (lanes 
1A and 4A) were analyzed by immunoblotting with a mixture of ol-SV, 
MV oi-P (81-1-153), and o!-N (168E6D11) MAbs (from Dr. W. Bellini, CDC). 
The positions of the Sendai NP and P and MV N and P proteins are 
indicated on the left and right, respectively. 
high salt stripping of virus fol lowed by banding the nu- 
cleocapsids on CsCI gradients (6). Replication experi- 
ments with the stripped DI-H template showed that DI- 
H RNA synthesis with the Sendal extracts added as sepa- 
rate polymerase (P-L) and encapsidation (NP-P) com- 
plexes that were mixed (Fig. 3B, lane 2) readily occurred 
at levels similar to those observed when the Sendal NP, 
P, and L proteins were all coexpressed in the same cell 
(Figs. 3A and 3B, lanes 1). When stripped DI templates 
were used, however, MV proteins could not substitute at 
all for the Sendal proteins and gave no genome synthesis 
(Fig. 3A, lanes 2 -4  and Fig. 3B, lanes 3-5), although 
immunoblott ing showed that all the proteins were ex- 
pressed (data not shown). A crucial factor for the utiliza- 
tion of the MV proteins thus appears to be the amount 
and activity of the virion-associated polymerase. In previ- 
ous experiments (6) we showed that just the NP-P com- 
plex, in the absence of soluble polymerase, could sup- 
port replication of DI-H with its endogenous polymerase 
at levels averaging 25% of the control, which is similar 
to that amount of synthesis with MV N seen here. Overall 
the data now suggest that the DI-H RNA synthesis ob- 
served with MV N in both Figs. 1 and 2 was actually 
independent of the added polymerase and only the en- 
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dogenous RNA polymerase utilized the MV N substrate. 
The explanation for why the plasmid expressed RNA 
polymerase in the extract does not also function is not 
clear. Perhaps the soluble polymerase associates with 
or binds to MV N protein in solution, and then can 
no longer bind the nucleocapsid to initiate genome syn- 
thesis. 
Since the chimeric DI-H nucleocapsids synthesized 
with MV N protein were nuclease sensitive (Fig. 1), we 
compared the densities of the different nucleocapsids 
by banding on CsCI gradients. The densities of W]- Sen- 
dai and MV nucleocapsids were 1.30 and 1.33 g/cc, re- 
spectively, consistent with values reported previously 
(15, 16). In similar analyses DI-H nucleocapsids repli- 
cated with Sendal NP protein in vitro also banded at a 
density of 1.30 g/cc. The chimeric nucleocapsids with 
MV N protein had a density of 1.33 g/cc, like that of VVT 
MV nucleocapsids, suggesting that the ratio of protein 
to RNA in these nucleocapsids was correct. In addition, 
the interaction was very stable since MV N protein re- 
mained associated with the RNA even under the high 
salt conditions of the CsCI gradient. Nevertheless, the 
chimeric nucleocapsids were nuclease sensitive (Fig. 1), 
and we cannot currently distinguish between models 
where the associated MV N protein leaves gaps 
exposing only portions of the phosphate backbone of 
the RNA, or whether the entire phosphate backbone is 
susceptible to digestion. 
Normally, Sendal genome replication requires a sub- 
strate for enca~)sidation in the form of an NP-P complex 
(6). We initially thought that the Sendal P protein must 
be forming an analogous complex with the MV N protein 
to allow genome synthesis in this heterologous system. 
It has been shown by coimmunoprecipitation analysis 
that N-P complex formation also occurs for MV (12, 13). 
We showed that the MV N and P plasmids encode pro- 
teins identical to those in MV-infected cells, and have 
used sedimentation analysis of radiolabeled viral pro- 
teins expressed in various combinations to test for com- 
plex formation. Each gradient fraction was immunopre- 
cipitated, analyzed by gel electrophoresis, and the viral 
proteins quantitated and MV N plotted. When MV N pro- 
tein was synthesized alone, virtually all the protein sedi- 
mented to the bottom of the gradient (fraction 12, Fig. 4A), 
consistent with the previously described self-assembly of 
MV N into large nucleocapsid-like structures (17). MV P 
alone sedimented primarily in fractions 6 -8  (not shown) 
and when MV P and N were coexpressed, N protein was 
no longer in the pellet, but cosedimented with MV P, 
which had shifted to fractions 7-10 (Fig. 4B). These data 
are consistent with the inhibition of N-N self-assembly 
and the formation of an N-P complex as reported earlier 
(•2, 13). When MV N protein was cosynthesized with 
SV P protein, however, N protein still sedimented to the 
bottom of the gradient and none cosedimented with the 
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FIG. 4. Analysis of MV and Sendal protein complex formation. A549 
ceils were infected with VVT7 and transfected with the plasmids for 
(A) MV N, (B) MV N and MV P, and (C) MV N and Sendal P. The medium 
was replaced with methionine- and cysteine-free MEM (ICN) for 30 
min at 5.5 hr post-transfection, and the ceils were labeled with TranSSS -
label (50 #Ci/ml) for 1 hr followed by a 3 hr chase in medium with a 
10-fold excess of unlabeled methionine and cysteine. Cytoplasmic ell 
extracts were prepared in 0.5% NP-40 (12) and fractionated by sedimen- 
tation on a 5-20% (v/v) glycerol gradient in RM for 35.5 hr at 33,000 
rpm in the SW 41 rotor. Samples were collected (1 ml) from the top 
with the pellet resuspended in the last fraction and immunoprecipitated 
with the indicated antibodies (1 #l): (A) MV c~-N MAb; (B) MV ~-P plus 
~-N MAbs; and (C) MV ~N and ~-SV. The viral proteins were separated 
by 9% SDS-PAGE, quantitated on the phosphodmager, and MV N was 
plotted (H) in arbitrary units (AU). The sedimentation positions of MV 
P and SV P are indicated by the solid bar in B and C, respectively. 
Sedimentation was from left to right. 
Sendal P protein found in fractions 6-9 (Fig. 4C). Thus, 
MV N protein did not form a complex with the coex- 
pressed Sendal P protein, but remained as a high molec- 
ular weight, probably self-assembled macromolecule un- 
der these conditions. These data clearly suggest that it 
is the self-assembled MV N particles which are being 
used for Sendal DI-H genome synthesis in vitro, and the 
unusual structure of this substrate may account for 
the nuclease sensitivity of the chimeric nucleocapsid 
product. 
As a direct test that MV N alone serves as the encapsi- 
dation substrate for DI-H replication, one set of dishes 
was transfected with the Sendal P and L plasmids, while 
another set of dishes was transfected with various corn- 
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FIG. 5. DI-H genome synthesis with MV N protein does not depend 
OR a Sendal P-MV N protein complex. VVT7-infected A549 cells in one 
set of dishes (A) were transfected with Sendal NP or MV N plasmids 
with or without SV P plasmid; in separate infected dishes (B) Sendai 
P and L plasmids were cotransfected as described in the legend of 
Fig. 2. The A and B extracts were mixed as indicated and incubated 
with [ol-32p]CTP and detergent-disrupted DPH. The nucieocapsid prod- 
ucts were isolated and the RNA analyzed as described in the legend 
of Fig. 2. The position of DI-H RNA is indicated on the left. 
binations of the NP/N and P plasmids. Cell extracts were 
prepared, mixed, and the level of DI-H genome synthesis 
with MV N alone was found to be s imi la r to that  when SV 
P protein was present (Fig. 5, lanes 4 and 3, respectively). 
These data support the conclusion that MV N protein 
does not interact with Sendal P protein. In contrast, Sen- 
dai NP protein alone failed to synthesize DI-H RNA (4%, 
lane 2) and required coexpression with Sendal P protein 
for replication (lane 1). Thus, the Sendal and MV nucleo- 
capsid proteins are functional ly distinct in Sendal ge- 
Rome synthesis. 
An interesting feature of the nucleocapsid- l ike parti- 
cles formed by expression of MV N alone was their re- 
ported localization predominantly (85%) within the nu- 
cleus of the cell, with the remainder in the cytoplasm 
(12). We confirmed this observation for A549 cells ex- 
pressing MV N protein (data not shown). The cytoplasmic 
extracts used for in vitro DI-H genome synthesis, there- 
fore, contained only about 15% of the total MV N protein, 
and this level approximated the level of DI-H genome 
synthesis (10-20%, Figs. 1, 2, and 5). MV N protein in 
the nucleus can be solubil ized with NP-40 extraction (12), 
but not with the lysolecithin extract procedure used here 
(data not shown). MV N containing nuclear extracts could 
not be tested for their ability to support DI RNA synthesis, 
since we found NP-40 inhibited Sendal RNA replication. 
In the MV N substitution experiments the level of genome 
synthesis is thus limited both by the amount and activity 
of the endogenous Sendal polymerase and the amount 
of N protein in the cytoplasm. 
In an analogous approach, but in infected cells, Curran 
and Kolakofsky (18) previously showed that Sendal DI-H 
could be rescued, i.e., replicated by infection with other 
parainfluenza viruses (PIV1 and PIV3), again, as long 
as there was Sendal polymerase on the template. The 
nuclease sensitivity of the product nucleocapsids was 
not tested. In contrast to our results, infection with mea- 
sles virus could not rescue DI-H. The apparent differ- 
ences in these results are likely due to several factors. 
First, we showed that whi le the self-assembled MV N 
protein could substitute for the Sendal NP protein, only 
a little synthesis could occur with coexpressed MV P 
and N. In the coinfection experiment (18) the MV N pro- 
tein would not be self-assembled, but rather in an N-P 
complex which worked poorly in vitro. Second, the in 
vitro reactions used here probably measure only a single 
round of genome synthesis, since it would be unlikely 
that the nuclease sensitive product Would be the tem- 
plate for further genome replication. In the coinfection 
with DI-H and MV multiple rounds of replication also did 
not occur, although whether this was a defect in the first 
or subsequent rounds of replication is not known. 
In summary, we have shown that the nucleocapsid- 
associated Sendal RNA polymerase can synthesize Sen- 
dai DI-H RNA when the self-assembled MV N protein is 
substituted for Sendal NP protein in reactions in vitro. 
The chimeric nucleocapsid product, however, is not prop- 
erly encapsidated since it is nuclease sensitive. 
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